Experimental and numerical studies are performed to investigate the effect of freestream turbulence on turbulent boundary layer drag reduction over plates with stream-wise micro-grooves. The data includes mean velocity, turbulence intensities, momentum thickness, and skin friction. Riblet or grooved plates of various riblet aspect ratios (h/s) have been machined with symmetrical, sharp, stream-wise triangular-shaped grooves having a peak-to-valley height (h) and peak-to-peak width (s). Three test plates, one smooth and two with triangular profile grooves (riblets) of h/s = 0.7, and 1.3 aspect ratio with fixed riblet spacing (s = 0.6 mm), have been used in this comparative study. Three screens of different sizes inserted upstream the test plates (with and without grooves) were used to study the effect of the free-stream turbulence. The turbulence intensities level varied from 1.3% to 3.2% by the screens. The Reynolds number based on the free-stream velocity and the streamwise length, ranged from 1.4 x 106 to 4.3 x 106 covering a range of riblet spacing in wall units (s+), = st.1,/v, of 13.7 to 36.4. The measurements were made in a suction type, low-speed open-return wind tunnel using a Dantec 56C01 constant temperature anemometer (CTA) with a Dantec 55PO4 hot single-wire probe. The numerical investigation has been formulated using a finite difference method and k-r, turbulence model. The results show that the drag increases with increasing the freestream turbulence. The data show that the drag reduction occurred whenever riblet spacing in wall units in range of 0 < s+ < 25. For grooved plates without screens, a maximum drag reduction of 9% occurred at s+ = 13.7. The maximum drag reduction reached 6.3% in the case of grooved plate with h/s = 1.3 with turbulence promoter compared with the smooth surface without turbulence promoters. Also, the results suggest increased the effectiveness of the riblets with turbulence promoters compared with the smooth surface with turbulence promoters.
bodies, and long distance pipelines. Among the various drag reduction techniques which have been tested experimentally to date, the technique of using longitudinal riblet surfaces aligned in the stream-wise direction seems to be promising and is also relatively simple to implement.
Riblets, which are stream-wise grooves of very small dimensions, are currently being investigated as a promising method for the reduction of turbulent skin friction drag of airfoils, nacelles, and aircraft fuselages. One of the better drag-reducing geometries found, and employed here, are symmetric, sharply peaked, V-groove riblets. The grooves (micro surface) geometries are aligned with the flow and defined by peak-tovalley height, h, peak-to-peak spacing, s. These riblets provide 5 to 7 percent drag reduction when the riblet height in wall units, h. = hU,/v, varied between 11 and 15 [1] [2] [3] , where U, and v denote the wall-shear velocity and kinematic viscosity, respectively. The concept of the viscous drag reduction technique using riblet surfaces has been examined experimentally and numerically by many investigators [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
The effect of free-stream turbulence on turbulent momentum and heat transfer in boundary layers has relevance to turbomachines fluid mechanics, in that the flow at a downstream stage essentially suffers from turbulence generated by the upstream stages, as well as periodic unsteadiness induced by blades. The influence of freestream turbulence on turbulent boundary layers can be though of as due to the interaction of different turbulence fields with different length and velocity scale distributions. The experiments by Simonich and Bradshaw [21] using (910-mm x 910-mm) wind tunnel suggested that the fractional changes of either skin friction coefficient (Cr) or Stanton number (St) are linear with rms longitudinal turbulence intensity. They ignored any effects of turbulence length scale. Hancock and Bradshaw [22] performed a series of experiments on the same tunnel (910-mm x 910-mm) to study the effect of grid turbulence on skin friction coefficient with a wide range of turbulence length scales. They put a non-linear correlation for the fractional change in skin friction coefficient with both velocity and length scales. For flat plate studies, numerous correlations between the free-stream turbulence intensity and length scale have been developed, e.g., Roach and Brierley [23] and Westin et al. [24] . By restricting consideration to the Reynolds analogy factor, St/(Cf/2), Blair [25] found a good agreement between Stanton number measurements in grid-turbulence and that obtained by Hancock and Bradshaw. MacMullin et al. [26] , Baskaran et al. [27] , Abdellatif [28] have found that Stanton number increases as well as the increase of skin friction coefficient but with different factor depending on the turbulence level of free-stream turbulence.
To the author's best knowledge, there have not been any investigations study the effect of free-stream turbulence on turbulent boundary layer drag reduction over plates with stream-wise micro-grooves in the open literature. Therefore, the objective of the present study is to investigate, experimentally and numerically, the effect of free-stream turbulence on turbulent boundary layer drag reduction over plates with stream-wise triangular-shaped micro-grooves. It is also of interest, to see whether the above trend of the drag reduction with micro-grooved plates is still valid.
APPARATUS, MEASURING INSTRUMENTS AND PROCEDURES
The experiments were conducted in a suction type, low-speed open-return wind tunnel designed to give a stable uniform air-flow with low turbulence level. For clean tunnel (without grid), the working section free-stream turbulence intensity at the centerline of the tunnel in the potential core is about 1.3%. This tunnel has a 2700 mm long test section with a cross section 280 mm high and 300 mm wide. Figure 1 shows the schematic diagram of the working section of the wind tunnel. The tests were carried out at different free-stream velocities. The Reynolds number, Re, based on the free-stream velocity (Ur) and the stream-wise length from beginning of the test section of the wind tunnel, ranged from 1.4 x 106 to 4.3 x 106. The set-up is designed to provide accurate air-flow.
Interchangeable plates 200 mm wide and 500 mm long were machine cut from aluminum and available for the experiments. These were placed on the tunnel floor 2100 mm from the beginning of the working section. The tested surface was placed in the same plane of the horizontal lower wall of the test section in order to avoid the bluntness effect over the plate. The riblets, which are stream-wise grooves of very small dimensions (micro-grooves), are aligned with the flow. Riblet plates of various riblet aspect ratios (h/s) have been machined with symmetrical, sharp, triangularshaped grooves having a peak-to-valley height (h) and peak-to-peak width (s), as shown in Fig. 2 . Three test plates, one smooth and two with triangular profile riblets of h/s = 0.7, and 1.3 aspect ratio with fixed riblet spacing (s = 0.6 mm), have been used in this comparative study. The test plates have been machined by Arab Sakr Factory for Developed Industries. Three screens of different sizes (300-mm x 300-mm cross section) inserted upstream the test plates (with and without grooves) were used to study the effect of the free-stream turbulence, as shown in Fig. 3 . The leading edge is adjusted to be 1100 mm downstream the turbulence-generating screen location. Screen (1) consists of a horizontal bars equally spaced at 7-mm, each one has a diameter of 2-mm. The screen (1) produce free-stream turbulence intensity of 2.5%. Two biplane turbulence-generating grids, screen (2) and screen (3), with square bars were used. The screen includes a grid of square mesh 47-mm [screen (2) ] and 37-mm [screen (3) ]. The bars which constitute the mesh has a diameter of 7-mm. The free-stream turbulence intensities were about 2.8% and 3.2% for screen (2) and screen (3), respectively. The mean and turbulent fluctuating velocities parallel to the mean flow direction were measured with a Dantec 56C01 constant temperature anemometer (CTA) with a Dantec 55PO4 single-wire probe of 5 p.m diameter platinum-plated tungsten wire. The hot-wire probe has been mounted on a two-dimensional traverse mechanism of Dantec 56H00 model. The system is digitally controlled and easily interfaced to the computer and it allows the creation of a completely automatic flow measuring system. The drag reduction performance of riblets has typically been measured using both drag balances and velocity profiles. The drag balances introduce errors due to misalignment. Also, in the few experiments where the riblets were large, the velocity gradient at the wall was used to obtain the local skin friction. In the present work, the riblets are physically too small to measure the wall velocity gradient, and boundary layer velocity profiles are integrated to obtain the momentum thickness. As Walsh et al. [3] and Gallagher and Thomas [4] , the changes in the momentum thickness are then related to the skin friction. The Von Karman momentum integral equation in terms of the coefficient of friction, for a 2-dimensional incompressible boundary layer, may be written as: This permits evaluation of Cf by graphical differentiation of the momentum thickness 0(x). In the present investigation, to obtain the momentum thickness the boundary layer velocity profiles are integrated at five sections in stream-wise direction. The distance between each two successive section is 100 mm. The first section is at 25 mm from beginning of the test plate. The momentum thickness 0 is deduced by integrating the mean velocity profiles using the modified Simpson's rule method as suggested by Coles and Hirst [29] . The drag or the skin friction coefficient is obtained from the change in the momentum thickness to determine the drag performance by riblets.
MATHEMATICAL FORMULATION

Governing Equations
The flow is assumed to be two-dimensional steady for an incompressible Newtonian fluid over the tested plates. The buoyancy effects are assumed negligible. The timeaveraged conservation equations for mass and momentum for turbulent fluid flow may be expressed in the following compact tensor form: au;
where U, and u,' are the time-averaged and fluctuating velocity components in the coordinate directions x, p is the fluid density, p is the local pressure, and the terms -u;u; are the Reynolds stresses.
The Reynolds stresses -u[ul appearing in the time-averaged Navier-Stokes equations represent the transfer of momentum by turbulent motion per unit mass. Exact equations for the Reynolds stresses can be derived, but requires a turbulent model to close the mathematical problem. Based on the turbulence model postulations summarized by Sheikholeslami [30] a second order closure turbulence model for turbulent kinetic energy (k) and dissipation rate (e) equations can be modelled as
Dt axm -e axm axm E axm where Ck, CE, C51, and C52 are model constants which are determined from experiments. These constants are: Ck = Ce = 0.09, Co= 1.45, and C52, = 1.9 [31] .
k-s-Eddy Viscosity Model (k-e-E Model)
Boussinesq noted that the viscous stress is proportional to velocity gradients in laminar flow and proposed that the Reynolds stresses are also proportional to velocity gradients with an eddy viscosity (vt) as the proportional constant. The k-e model relates the Reynolds stresses to the gradients of the mean velocities via exchange coefficients in the following manner:
au; au; 2 = vt (-+ axi axi 3 (8) where vt is the turbulent viscosity, and Si; = 0 if i # j and Si , = 1 if i = j.
Based on dimensional analysis of k and E, Vt is modeled as Launder and Spalding, [32] vt =C k2 Is (9)
k and E are governed by equations (6) and (7), respectively. C, = 0.09 is a constant determined from experiments.
Numerical Method and Solution Procedure
By using the control-volume based finite difference method of Patankar [33] , governing equations were integrated over a finite number of control volumes covering the entire solution domain, which each control volume containing a grid point. These equations were solved together using the solution procedure described by Patanker. The sequence of numerical operation based on Patankar's SIMPLER (Semi-Implicit Method for Pressure Linked Equation, Revised) algorithm. An estimate of the velocity field at the first iteration was obtained by solving the momentum equations with presumed values of the pressure distribution. Moreover, there is no guarantee that the resultant velocity field will satisfy the continuity equation; therefore, after each calculation over the solution domain, adjustments were made to the pressure and velocity fields to satisfy continuity. The procedure is repeated until convergence is obtained. The results are considered to be numerically converged in the present solution procedure when the maxima of the mass flux and momentum flux residuals summed at all nodes are less than 0.6 percent of the inlet flux.
Boundary Conditions and Grid Layout
On the wall the non slip conditions applied was U = V = 0, while at the upper boundary (y = 8) the normal gradient of the velocity was zero (aLl/ay = 0). The value of inlet and outlet turbulent kinetic energy is obtained from the velocity profile. The inlet and outlet profiles of the dissipation rate were determined from its model
where / is the length scale that characterizes the energy containing eddies
All velocity components were presumed zero along the wall. The wall function approach assumes that at a point with wall distance y, just outside the viscous sublayer, the velocity component parallel to the wall and the turbulence is in local equilibrium so that the production is equal to dissipation. The wall functions listed in Habib et al. [31] corresponding to the dependent variables were taken as Up yp tw = Yp where and = Iv UP UP= -11nE.yn an
where x = 0.41 is known as Von Karman constant. The subscript p refers to the node nearest the wall. In the present work, wall parameter E in the logarithmic law of the wall in equation (12) was modified as:
where F is the constant shift, F = -AU/U,. The parameter AU/U, is determined from the experimental data, AU/U, = 0 for smooth plate without turbulence promoters.
The value of the turbulent kinetic energy near the wall, kp, is calculated from the transport equation for k with its flux to the solid wall set to zero. The corresponding value of Sp was calculated from equation (10) with I = 14 K yp.
The computations to be reported in the following sections were performed on a 90x33 grid. Additional runs for the coarser (80x29) and finer (100x37) meshes were under-taken for a check of grid independence. The distance from the near-wall node to the nearest wall was kept constant for the three runs. A comparison of the results showed that the maximum changes of 0.8 percent in the axial velocity profiles between 90x33 and 100x37 grid sizes were smaller than 3.2 percent found between 90x33 and 80x29 mesh sizes. Consequently, the accuracy of the solutions on 90x33 grid size is deemed satisfactory. More grid nodes are located in the vicinity of the wall region where the velocity gradients are higher. The staggered grid system is adopted in the present investigation.
RESULTS AND DISCUSSION
All the data for grooved plates have been plotted in terms of groove spacing in wall variables (s') for different groove aspect ratio (h/s) as follows:
h is the riblet height, s the riblet spacing, U., the free-stream velocity, v the kinematic viscosity, and Cr the skin friction coefficient.
The present measurements are taken at five sections (stations) in stream-wise direction. The distance between each two successive section is 100 mm. The first section is at 25 mm from beginning of the test plate.
Smooth Plate Without Grooves (Riblets)
The effect of free-stream turbulence for smooth plate without grooves (riblets) on mean velocity, turbulence intensity and log law of mean velocity profiles are presented. The experimental and numerical profiles are drawn at 425 mm from the beginning the test plate.
The non-dimensional mean velocities U/U," are plotted against the non-dimensional normal distance from the boundary wall y/8 using a linear scale, where 6 is the local boundary layer thickness. It was observed that in all cases, where screen (turbulence promoter) is inserted, there is a little reduction in mean velocity values below the corresponding values in the case of no screen, this reduction gradually decreases with y/6, as shown in Fig. 4 . The average percentage of this reduction reached the value of 6.4% in the case of the screen type (3) with free-stream turbulence intensity (Tu) of 3.2%. The values of mean velocity for smooth plate with Tu = 3.2% appear lower than that for smooth plate with Tu = 2.5% for screen (1) . The bars, constituting the grid, act as a turbulence promoter which increase the possibility of vortices forming in the stream-wise and span-wise directions, which interact with the flow and result in a higher transport of momentum from the resisting wall to the fluid layers producing deceleration action near the wall.
The root mean square (rms) values of the velocity fluctuation normalized by the freestream mean velocity, U.", and are plotted against y/8. The profiles for smooth plate with and without turbulence promoters are presented as shown in Fig. 5 . The values of ur ",,/11,, for smooth plate with turbulence screens were higher than that of without screens case. The free-stream turbulence was observed to reach the values of 2.5% for the screen type (1), 2.8% for the screen type (2), not seen in the figure, and 3.2% for the screen type (3). The semi-logarithmic velocity profiles over the flat plate with and without screens for free-stream turbulence intensity (Tu) of 2.5% and 3.2% are plotted with the nondimensionalized mean velocity by the shear velocity (u * = U/U,), against y. = yU,/v, U, is the shear velocity and v is the kinematic viscosity. The shear velocities are determined by:
The present results for flat plate without screen were compared with the universal law of the wall for the flat plate. The values predicted by the universal law of the wall give a reasonable comparison with the present data. The satisfactory agreement in the above comparison has confirmed that the experimental and numerical procedure employed are adequate and the results obtained are reliabie. The universal law of the wall flat plate is given by [34] u 0.
-41 ln y + + 5.5
The discrepancy between the present results and values predicted by the universal law of the wall is typically within 5%. The effect of screens inserted upstream the test section on the velocity profile appears as a downward shift in the log law region as shown in Fig. 6 . The downward shift is increased with increasing the free-stream turbulence or decreasing the grid size as observed in the figure. The maximum downward shift was observed in the case of the screen type (3) with Tu = 3.2 to be about 6.7%.
Grooved Plates
Mean velocity
The experimental and numerical profiles of mean velocity over grooved plate (h/s = 1.3) with and without turbulence promoters compared with smooth plate without turbulence promoters are plotted in Fig. 7 . The experimental and prediction data are plotted at 425 mm from the beginning of the test plate. The figure shows the mean velocity profiles are affected by grooved surface with and without turbulence promoter. The data show an increase in mean velocity near-wall for grooved plate with s+ = 13.7, s+ = sUr /v, compared with smooth plate data without turbulence promoter, as shown in Fig. 8 . The experimental and numerical data of WU., for grooved plate with e = 23.4 appear to be approximately the same as the smooth plate. While the values of U/11, near-wall for grooved plate with s + = 36.4 are lower than that for smooth surface without turbulence promoter.
In summary, the experimental data and prediction data indicate that the changes in the mean velocity due to the grooves seem to be limited to the immediate wall region y/6 < 0.15. It will be shown that this apparently small difference in the profiles has a significant effect on the resultant momentum thickness and drag.
Turbulence intensity
The experimental and numerical profiles of turbulence intensity (u n"s/Uo0 over grooved plate (h/s = 1.3) with and without turbulence promoters compared with smooth plate without turbulence promoters are plotted in Fig. 9 . Also, the variation of the turbulence intensity near-wall is plotted in Fig. 10 . As shown in the figures, the turbulence intensity is reduced by grooved surface for s + = 13.7 compared with the smooth surface without turbulence promoters. While the turbulence intensity is increased over the grooved surface with e = 36.4. The turbulence intensity distributions clearly indicate the significant influence of grooved plate with turbulence promoter. It is clear from these figures that the present numerical technique and turbulence model is in good agreement with present experimental data.
In summary, the experimental data and prediction data indicate that the maximum turbulence intensity occurred at about the same y location as that for a smooth plate. The shift in turbulence intensity data is believed to be an indication that more than one mechanism is responsible for drag reduction by grooved plates. The decreases in the turbulence intensity over the grooved plate reflect the effectiveness of the riblets in reducing the momentum transport to the surface. The data indicates that the turbulence intensity over the grooved plate is a function of the spacing in wall units (s+).
Momentum thickness
In order to obtain the coefficient of friction Cf using the method of the momentum integral equation, mean velocity traverses are carried out. The momentum thickness 0 is deduced by integrating the mean velocity profiles using the modified Simpson's rule method as suggested by Coles and Hirst [29] .
From the velocity profiles the momentum thickness was calculated. The variation with x-xref (Note: xref refers to stream-wise distance from the leading edge of the working section to the leading edge of the test plate) of momentum thickness 0 is shown in Fig. 11 for smooth without turbulence promoters and riblet surfaces with and without screens.
The momentum thickness values for riblets with h/s = 1.3 are plotted in Fig. 11 at s. = 13.7, 23.4 and 36.4. Note that at each stream-wise position (x-x rd) the momentum thickness above the riblet plate at s 4-= 13.7 is both smaller and is increasing more slowly linearly than the comparable momentum thickness above the smooth plate without turbulence promoters. At the dimensionless riblet spacing s + = 23.4, the momentum thickness values are seemed approximately identical for both the riblet plate with and without screen and the smooth plate without screens. The figure indicates also that the momentum thickness for the riblet surface at s + = 36.4 is higher and is increasing rapidly with x-xie ( than that for smooth surface without turbulence promoters. It is evident from Fig. 11 that the slope of the momentum thickness over above both smooth plate without screen and grooved plate with and without screen is constant and this indicates that the skin friction is constant on the wall of test plate. The slope of the momentum thickness over the grooved surface with turbulence promoter is higher compared with the grooved surface without turbulence promoter.
Also, the results of all parameters indicate excellent agreement between the present prediction and measurements.
Log law of mean velocity profiles
The mean velocity profiles, normalized by local wall shear velocity, above both smooth plate without screen and grooved plate with and without screen are shown in Fig. 12 . The effect of grooves (riblets) and screens inserted upstream the test section on the velocity profile appears as a shift in the log law region or a thickening of the sublayer. Figure 12 display the cumulative law of the wall velocity profiles for both smooth surface without turbulence promoters and riblet surface (h/s = 1.3) with and without screens. The slope of the log law over the riblet surface with and without screens remains the same as that of the smooth surface without free-stream turbulence promoters; however, the intercept of the law is upward shift by riblets with s' < 20-30, and is the downward shift by riblets with s. >20-30. The upward shift is associated with decreased values of friction velocity or skin friction, and the downward shift indicates skin friction increases. The velocity distributions clearly indicate the significant influence of grooved plate with turbulence promoter.
This upward shift in the velocity profiles has been observed in other riblets studies without free-stream turbulence (screen) [5, 6, 13] . The upward shift can be considered as an adjustment of the balance between the turbulence energy production and the viscous dissipation, which is reflected by a change of viscous sublayer thickness or the smallest size of turbulent eddies in the boundary layer [5] . Therefore the turbulence energy production is less with an upward shift of the loglaw curve, resulting in the reduction of turbulent drag. The downward shift in the log region has been previously seen in sand grain roughness studies [35, 36] .
The results of law of wall velocity profiles indicate good agreement between the present prediction and measurements. The maximum discrepancies observed is 8% near the wall due to effects of heat conduction to the wall. Also, the discrepancies observed in the results are due to the inaccuracy of the measurements and/or the effect of three-dimensionality.
The present data indicate that the drag reduction performance of V-groove riblets scales or correlates with groove riblet height (h) and spacing (s) in law-of-the-wall variables.
The present work evaluates the riblet drag reduction performance in terms of the velocity profile expression using Coles [34] model given here,
where w( y/o ) is the wake function and it is approximated by.
The quantity rc, called Coles wake parameter, and it is independent of y. The value of Von Karman constant lc is 0.41. 
Drag Performance
The percentage of ACf/Cf, for different flow conditions plotted in Figs 15 and 16 versus the Reynolds number for the smooth plates without grooves and s * for the grooved plates, respectively. In every case where, a screen was used, it was observed that the drag has a greater value than that of the case no screen. The drag increase is inversely proportional to screen size, which reflects the increase in turbulence promotion action when screen bars are closer to each other. The maximum percentage of increase in friction coefficient was about 10% in the case of smooth plate with free-stream turbulence intensity (Tu) of 3.2% as shown in Fig. 15 . In all cases where, a riblet plate was used without screens, the drag data showed that the drag reduction occurred with riblets whenever s* < 20-30 for h/s = 1.3 and 0.7, respectively, which reflect the turbulence suppress action of grooved plates which results in a lower momentum transfer. The data shows that the drag reduction performance of the riblet is determined by s * and aspect ratio (h/s) as shown in The ACf/Cro reduced from 5.5% and 8.5% increase for smooth plate with Tu of 2.5% and 3.2% to 6.3% and 4.5% reduction for grooved plate with Tu of 2.5% and 3.2%, respectively, at e =13.7 compared with the smooth surface without turbulence promoters. The skin coefficient increase over grooved plate with turbulence promoters compared with the grooved plate without turbulence promoters is less than the skin coefficient increase over smooth plate with turbulence promoters compared with the smooth plate without turbulence promoters. These results suggest increased the effectiveness of the riblets with turbulence promoters compared with the smooth surface with turbulence promoters as shown in Figs. 15 and 16. Also, figure 16 compares the present data for riblet drag to the data of Baron et al. [2] for aspect ratio h/s 0.78. Reasonable agreement between the present results and measured results of Baron et al. has been demonstrated. The discrepancy between the present results and results of Baron is typically within 10%.
The comparison between the present experimental and the predicted results was carried out as shown in Figs. 15 and 16 . The comparison shows that, the present numerical data may be considered consistent and it can give satisfactory results for the turbulent drag coefficient with an accuracy of ±10% if compared with the experimental data.
CONCLUSIONS
The effects of free-stream turbulence for smooth plate without grooves (riblets) on turbulent boundary layer drag reductionover plates with stream-wise micro-grooves. have been investigated experimentally and numerically. The main conclusions of the present study are as follows:
1. The bars, constituting the grid, ''be't , 0 s a turbulence promoter whiot increase th6 possibility of vortice,$joAmiag,,ip ,the stream-wise and, span7wj §e clicOtibns,,wrijh interact with the flow and result in a higher transport of momentum from the resisting wall to the fluid layers producing deceleration action near the wall. 2. The turbulence intensity is reduced by grooved surface for s + < 20-30 for h/s = 1.3 and 0.7, respectively, compared with the smooth surface without screens (turbulence promoters). While the turbulence intensity is increased over the grooved surface with s+ > 20-30.
3. For smooth plate, the downward shift in log law of mean velocity is increased with increasing the free-stream turbulence or decreasing the grid size. The maximum downward shift was observed in the case of the turbulence intensity Tu of 3.2% to be about 6.7%. The slope of the log law of the wall mean velocity profiles over the • • riblet surface with and without screens remains the same as that of the smooth surface without free-stream turbulence promoters; however, the intercept of the law is upward shift by riblets with s + < 20-30, and is the downward shift by riblets with s+ > 20-30. shows that, the present numerical data may be considered consistent and it can give satisfactory results with an accuracy of ±10% if compared with the experimental data. 
